Loss of genetic variation negatively impacts breeding efforts and food security. Genebanks house 39 over 7 million accessions representing vast allelic diversity that is a resource for sustainable 40 breeding. Discovery of DNA variations is an important step in the efficient use of these resources. 41
4 extent and structure of genetic diversity within a given collection. The available data is often limited 92 to passport information, and some phenotypic measurements or DNA marker-based genetic 93 diversity assessment for a subset of accessions. Such information is not sufficient to make an 94 informed choice of PGR for inclusion into a breeding program. Therefore the utilisation of 95 primitive, exotic germplasm in crop improvement is limited (FAO, 2010; McCouch, 2013 ; 96 Keilwagen et al., 2014) . 97
To fully profit from the allelic variation of PGR, methods for efficient and reliable screening 98 of hundreds of accessions to discover useful gene variants are needed. Rapid development of next 99 generation sequencing (NGS) technologies resulted in the establishment of various approaches, 100 which can be used for high-throughput assessment of genic variation, such as whole genome 101 resequencing (WGS) (Li et al., 2013; Mehra et al., 2015; Zhou et al., 2015) or exome capture 102 (Hodges et al., 2007; Hussain et al., 2018) . Unfortunately, these approaches are not yet applied in 103 many species owing to factors including genome size, polyploidy, and associated costs of 104 sequencing and capture probe development. While a future can be envisioned where comprehensive 105 genomic data is available for every accession of every important crop, the current state of 106 technology and funding means that material is prioritized, and compromises made. Insofar as 107 evaluation of WGS data provides information useful for understanding population genetics and 108 evolution, it is expected that only a small fraction of base pairs of a genome are controlling key 109 agronomic traits (Wendel et al., 2016) . Targeting candidate genes and their regulatory elements 110 provides a tremendous reduction in data collected. Indeed, many studies have revealed quantitative 111 trait loci and associated candidate genes that can be used to identify orthologous sequences in other 112 plants (Nguyen et al., 2019 ). An alternative to whole genome or exome capture sequencing is 113 amplicon sequencing. In this approach, selected genomic regions are first amplified by PCR and 114 then subjected to massively parallel sequencing. Far fewer nucleotide bases are sequenced 115 compared to exome capture or WGS. This results in much higher sequencing coverage and greater 116 sensitivity (e.g. (Sims et al., 2014) ). The high sensitivity of current sequencing technologies further 117 enables "ultra deep" methods whereby PCR products from many different genomic DNA samples 118 are pooled together prior to sequencing. Experiments can be designed to discover rare nucleotide 119 variants present at very low frequencies, while simultaneously increasing screening throughput and 120 reducing assay costs. This has been used for recovery of induced point mutations in TILLING by 121
Sequencing assays (Tsai et al., 2011) . Here, genomic DNAs from different lines harboring induced 122 mutations are pooled, subjected to target-specific PCR and the PCR products are then pooled and 123 sequenced. The method has been used to recover rare mutations in genomic DNA samples pooled 124 from 64 to 256 fold. These studies suggest that variant calling accuracy is improved when using 125 multiple variant calling algorithms (Tsai et sequencing, nor any other method of gene variant discovery was applied to rye genetic resources. 144
Exploration of genic variation in outcrossing, generatively propagated crops, such as rye, 145 maize, sugar beet, broccoli, or carrot, is a particularly demanding task. Natural, random-mating 146 populations of such species are heterozygous and heterogenous, with multiple alleles of a locus 147 being present (Souza Jr., 2012) . Such population structure has important implications for the design 148 of NGS-allele mining experiments. Firstly, due to high levels of heterozygosity, a higher 149 sequencing coverage is needed even when sequencing non-pooled samples to ensure reliable 150 nucleotide variant calling. Secondly, due to the heterogeneity of accessions, a large enough number 151 of individuals of a given accession needs to be included in the screen to obtain a faithful 152 representation of within-accession variability and to successfully recover rare variants. Many 153 potentially useful and interesting alleles may go undiscovered with current experimental designs. 154
To address this, a low-cost, high-throughput, and reliable amplicon sequencing approach suitable 155 for assessment of genic variation in heterozygous and heterogenous rye accessions was developed. 156 Rather than pool DNA from different accessions, ultra deep amplicon sequencing was used to 157 evaluate intra-accession heterogeneity while also providing information on novel genetic variation. 158 DNA pools were created that contain ninety-six plants per accession. These were subjected to 159 pooled amplicon sequencing in six target genes implicated in biotic and abiotic stress resistance and 160 seed quality: aluminium activated citrate transporter (MATE1), taumatin-like protein (TLP), 161 6 fructose-biphosphate aldolase (FBA), prolamine-box binding factor (PBF), secaloindoline-b (Sinb) 162 and grain softness protein (GSP-1). MATE1 is a gene involved in aluminum (Al) tolerance of rye. 163
Al-toxicity is one of the main constraints to agricultural production on acidic soils, which constitute 164 ca. 50% of the arable land on Earth (Maron et al., 2013) . Rye is one of the most Al-tolerant cereals, 165 with the degree of tolerance depending on the allelic variant of MATE1 (Santos et al., 2018) . TLPs 166 are a family of pathogenesis-related (PR) proteins, involved in fungal pathogen response in many 167 plant species . FBA is one of the key metabolic enzymes involved in CO2 168 fixation and sucrose metabolism. FBA genes were found to have an important role in regulation of 169 growth and development, and responses to biotic and abiotic stresses, such as chilling, drought and 170 heat (Lv et al., 2017; Cai et al., 2018) . GSP-1 genes, belonging to the prolamin superfamily of seed 171 storage proteins, encode precursor proteins, which after post-translational processing give rise to 172 arabinogalactan peptide AGP and the grain softness protein GSP-1 (Wilkinson et al., 2017) . 173
Secaloindolines, products of genes Sina (not analyzed in this study) and Sinb, are main components 174 of friabilin -a starch-associated protein fraction of cereal grains (Simeone and Lafiandra, 2005) . 175
The wheat orthologues of Sina and Sinb, called Pina and Pinb, are key determinants of grain 176 texture, an important breeding trait directly influencing the end-use, (Liu et al., 2017) . PBF is an 177 endosperm specific transcription factor involved in the regulation of protein and starch synthesis 178 Table 2 ). 221
In total, 895 variants were common between the three methods ( Figure 3 ). Within these common 222 variants, the mean allele frequency and the number of accessions carrying the variant differed 223 between the three algorithms used. 224
225
Private variants occurred in all germplasm groups included in the study: modern cultivars, 226 historic cultivars, landraces and wild accessions. In the group of variants commonly identified by 227 three algorithms the number of private variants per accession coincided with the domestication 228 status: private variants were most frequent in wild accessions (five to seven per accession), 229 followed by landraces with approximately two variants per accession, and historic and modern 230 cultivars with less than one private variant per accession. Private variants in wild accessions also 231 8 had the highest AF values (mean 0.4 -0,45, median 0.22-0.28). In the remaining germplasm groups 232 mean AF and median AF did not exceed 0.12 and 0.007, respectively. Allele frequencies from 233 individual pools were used to prepare violin plots in order to qualitatively compare different 234 accessions and identify potential outliers. Several distinct patterns of allele frequency distribution 235 were observed (Figure 4 , and not shown). Five accessions, characterized by a high proportion of 236 variants with high AF values were consistently recognized as markedly different from the rest: S. 237 sylvestre, S. strictum subsp. kuprijanovii, historic cultivar Imperial (from A Lukaszewski's 238 collection, UCLA, Riverside), and landraces R 3 and R1040 (Supplemental Table 1 ). 239
The effect on gene function of putative variants was evaluated with SNPeff and SIFT . This 240 resulted in 695 putative deleterious variants from GATK, 171 from SNVer and 578 from CRISP, 241 with 74 putative deleterious variants common to all three algorithms (Table 1 , Supplemental Table  242 3). Deleterious alleles with a high maximum AF and present in only one accession were recovered 243 along with alleles with a high maximum AF that were present in 90 or more accessions 244 (Supplemental Table 3 ). Alleles with a maximum AF less than 0.4 were also identified, suggesting 245 the presence of rare alleles segregating within an accession. In the GATK data set, for example, 29 246 of the 74 predicted deleterious common variants have a maximum AF between 0.047 and 0.391 and 247 are found in 1 to 21 accessions. 248
Within target genes, 18 to 443 polymorphic positions were detected consistently by the three 249 algorithms, corresponding to one SNP or InDel every eight to ten bp of sequence for five of the 250 analyzed genes. For the sixth gene, Sinb, this frequency was markedly lower, with one SNP per 25 251 bp. The number of putatively deleterious variants per gene ranged from 11 (GSP-1) to 21 (MATE1), 252 corresponding to one deleterious variant every 40 to 80 bp, with exception of Sinb, where only three 253 deleterious variants were identified in 447 bp of coding sequence. Previous data on genic variation 254 was available solely for MATE1 (a total of 112 unique variants from 26 sequences deposited in 255 GenBank as of 7 th January 2020) and Sinb with seven unique variants reported (Liu et al., 2017) . 256
The present study identified 62 new variants in MATE1 coding sequence, including seven putatively 257 deleterious, and 15 new variants in Sinb, including all three putatively deleterious variants. Most 258 new variants identified in MATE1 and Sinb were private or rare (median of the number of 259 accessions with a given variant equaled two in MATE1 and one in Sinb). 260
The presence of predicted variants was assayed using Sanger sequencing of Sinb amplicons 261 in a single individual plant from each of eight accessions. Twelve variants were predicted in this set. 262
Only variants reported by all three algorithms for the tested accession, and where the lowest AF was 263 greater than 0.295 were validated (Supplemental Table 4 ). Because allele frequencies were 264 calculated from a pooled DNA sample, it was concluded that lower frequency alleles likely 265 represent alleles that are not present in every seed of an accession. Therefore, failure to validate 266 9 variants may have resulted from sampling DNA from only one seed. To test this, subsequent 267 validation assays were carried out whereby multiple plants from each accession were assayed 268 independently. In CAPS and Sanger sequencing assays on MATE1, PBF, and Sinb amplicons 269 eleven out of 16 tested variants were recovered when sampling between six and 16 plants ( To evaluate the distribution of frequencies of alleles within a landrace or cultivar, we chose to 281 sample 96 plants from each seed stock of rye selected for our study. This allows the recovery of i) 282 sequence differences compared to the reference sequence used that are fully homozygous (those 283 with an allele frequency of 1), ii) heterozygous variants present in all pooled plants and iii) variants 284 of lower frequencies that are not present in every seed in the seed stock used to represent an 285 accession. To streamline the approach, tissue from each plant was collected and pooled prior to 286 DNA extraction. The experiment was designed such that an allele found in a single plant could be 287 identified. Investigation of sequencing coverage revealed that 88.5% of the experiment produced 288 five or more reads to support the rarest possible allele. High coverage values were found in all DNA 289 pools suggesting that each pool was suitable for PCR amplification and sequencing. Deviations in 290 coverage values, therefore, likely resulted from differences associated with the quantification, 291 normalization and pooling of PCR products. Such variations were recently reported in a study 292 comparing tomato, cassava and barley amplicon sequencing data sets (Tramontano et al., 2019) . 293
The study revealed that minor coverage improvements could be achieved through the addition of 294 extra quantification methods. Alternative approaches to increase read coverage at all nucleotide The experimental design for rye differed from previous studies in order to allow the 319 discovery and analysis of intra-accession allele variation. The assay was designed to recover two 320 types of what can be considered "rare" variation. The first type of rare variants are alleles that are 321 found in only one accession (known as private alleles) or very few accessions in the tested set, and 322 occur with a high frequency within the respective accessions. This type of rare variation is easily 323 recovered using conventional genotyping and resequencing as alleles can be recovered through 324 assay of a single seed (Wang et al., 2018; Balfourier et al., 2019) . The second type of rare variants 325 are more difficult to discover. These variants segregate at a low frequency within an accession and 326 are never found at high frequency in any tested accession. To recover this type of rare variant 327 requires the sampling of multiple individual seed per accession. As such, these alleles are hidden 328 from discovery when using traditional methods that sample one or few seed per accession. Using 329 pooled amplicon sequencing we have recovered both types of rare alleles in the tested rye 330 accessions. Common variation was also detected. 331
332
Variants with mean AF between 0.7 and 1 represented between 1.87 and 3.06% of all 333 predicted alleles, depending on the software used. In this set of variants, between 41 and 49% are 334 private alleles found in only one accession. The highest number of variants were found in the lowest 335 allele frequency class (0.038 and below) ranging from between 43 and 76% of the total. It is 336 expected that false positive errors will increase as the number and percentage of reads supporting 337 the alternative allele decreases. Studies have been carried out on errors associated with MiSeq 338 paired end sequencing, but a thorough investigation into errors in pooled samples has not been 339 reported (Schirmer et al., 2015) . False positive errors are expected to be random and therefore 340 infrequently independently predicted when applying multiple variant calling algorithms. Indeed, of 341 the 895 variants common to GATK, SNVer and CRISP, only 20% had a predicted mean AF of 342 0.038 or lower, a reduction of more than 50% from any single algorithm. Further experiments are 343 required to determine what, if any, percentage of the sub 0.038 AF variants predicted by all three 344 algorithms are false positive errors. This requires extensive genotyping, as many individual seed 345 need to be tested to ensure true variants are recovered. In the present study, genotyping assays using 346 approximately 10 seed per accession were sufficient to validate alleles with an AF of 0.15 or higher 347 that were predicted in the same accession by all three algorithms. We expect it is necessary to test 348 more than 100 seeds per accession to validate the lowest frequency alleles in the data. The rye amplicons used in this study were generated before the release of the rye genome 417 (Rabanus-Wallace et al., 2019). It is expected that the recent release of the rye reference genome 418 will enable improvements in gene target selection and primer design. Reference genomes have been 419 produced for few of the hundreds of thousands of plant species existing on the planet. Because 420 pooled amplicon sequencing does not require complete genome sequence, we expect that the 421 approach described for rye can be adapted for many plant species and can facilitate better 422 characterization of existing rich germplasm collections. We predict that flexible and low-cost 423 methods for recovery of rare genetic variation will support future efforts to promote sustainable 424 food security. Table 5 ). Table 6 ). The entire sequences of Secb and GSP-1 genes (456 and 506 bp, 456 respectively) were amplified using primers described, respectively, by Simeone PCR products were quantified using egel 96well gels (Thermo Fisher Scientific) and quantitative 475 lambda DNA standards as previously described (Huynh et al., 2016) . PCR product concentration 476 was adjusted to 10 ng/ul in TE. All PCR products from a single gDNA pool were then pooled 477 together. Pooled PCR products from each of the 95 accessions were then quantified using the 478 Advanced Analytical® Fragment Analyzer TM with the low sensitivity 1kb separation matrix with 30 479 cm capillaries (Advanced Analytical ® #DNF935). All sample pools were normalized to 30 nM 480 concentration in TE prior to library preparation. FASTQ files were aligned to target amplicons using BWA mem with commands -M -t 16 (Li and 496 Durbin, 2009 ). Amplicon fragments were given target names that were used throughout the NGS 497 analysis (Supplemental Table 6 ). Samtools view was used to convert from SAM to BAM format (Li 498 et al., 2009 ). Bam files are available in NCBI BioProject PRJNA593253 499
Coverage statistics were prepared using qualimap v.2.2.1-dev (García-Alcalde et al., 2012). Variant 500 calling was performed using three algorithms CRISP, GATK and SNVer. Parameters used for 501 CRISP were -OPE 0, --poolsize 192 and -qvoffset 33 (Bansal, 2010). The GUI of SNVer was used 502 with the following parameters: -bq20,-mq17,-s0,-f0,-pbonferroni=0.1,-a0,-u30, -n192,-t0 (Wei et 503 al., 2011) . HaplotypeCaller (GATK 4.0) was used with default settings with the exception that 504 ploidy was set to 192 (Poplin et al., 2017) . For each method, VCF files from individual pools were 505 merged using bcftools. Following this, read group information was unified between the three files 506 using picard tools AddOrReplaceReadGroups function 507 (http://broadinstitute.github.io/picard/index.html). Data for calculation of AF value for each variant 508 and each accession was extracted using R libraries vcfR (Knaus and Grünwald, 2017) and 509 16 VariantAnnotation (Obenchain et al., 2014 ) and used to produce AF tables. The potential effect of 510 nucleotide variation on gene function was evaluated with SNPeff (Cingolani et al., 2012). For this, a 511 genome database was prepared using the build -genbank function. The effect of reported nucleotide 512 variation was also evaluated with SIFT4G using a self-prepared genomic database with the fasta file 513 of amplicon sequences used for mapping with BWA mem, a self-prepared gtf file and the uniref90 514 protein database (Vaser et al., 2016) . Venn diagrams were produced using the R package eulerr 515 (https://github.com/jolars/eulerr). 516 517
Validation of nucleotide variants 518 519
For validation of nucleotide variants CAPS assays were developed based on output of PARSESNP 520 (Taylor and Greene, 2003) , which provides a list of restriction endonuclease sites that are gained or 521 lost due to the predicted SNV or indel. Serial Cloner 2.6.1. 522 (http://serialbasics.free.fr/Serial_Cloner.html) software was used to digest in silico the gene 523 fragment of interest and predict restriction patterns for reference and mutant alleles. 524
New batches of seeds were sown for selected accessions. Tissue harvest, DNA isolation and PCR 525 reaction were done separately for each plant, using the procedures described above. Restriction 526 digestion was done for 20 minutes using 10 µL of PCR reaction as template and 1 µL of the 527 restriction enzyme in the total volume of 20 µL. FastDigest restriction enzymes (ThermoFisher) 528 with dedicated buffers were used. The digestion products were separated in 6% denaturing 529 polyacrylamide gels (if the predicted products were shorter than 200 bp or differed in length by less 530 than 50 bp) and visualized by silver staining as described by Targońska into six classes on the x-axis based on mean allele frequency (AF). Class A (blue dots) represents 834 data with a mean AF from 1 to 0.7, green (B) from 0.69 to 0.4, orange (C) from 0.39 to 0.1, purple 835 (D) from 0.099 to 0.069, red (E) from 0.068 to 0.038, and black (F) with a mean AF below 0.038. 836
The y-axis shows the number of accessions harboring a specific variant. Each variant is plotted on a 837 unique position on the z-axis. 838
